ABSTRACT -Maturity stage and drying method are the factors that most influence coffee seed quality. The objective of this study was to assess the physiological quality and investigate the electrophoretic patterns of catalase and endo-ß-mannanase enzymes and heat resistant proteins in coffee seeds harvested at different phenological stages and dried under different conditions. Physiological quality was assessed when the seeds had developed the green, greenish-yellow, cherry, overripe and dry stages after three treatments: no drying, conventional drying and fast drying. After each treatment, the physiological quality of the seeds was assessed using the germination test and electrophoretic patterns of heat resistant proteins and the activity of catalase and endo-ß-mannanase enzymes. Seeds harvested at the cherry phenological stage had the best physiological quality, and the drying process reduced quality at the cherry, overripe and dry stages. This reduction was greater under the faster drying process, but at the greenish-yellow stage, seeds had better physiological quality after slow drying. Regarding the results from electrophoretic analysis, endo-ß-mannanase and catalase activities increase as the ripeness stages advance; the activity of endo-ß-mannanase is directly associated with the deterioration process; the expression of heat resistant proteins increases with maturation process and is associated with seed physiological quality.
Introduction
The phenological cycle of coffee trees consists of vegetative and reproductive stages. In the vegetative stages, branches are formed with buds at the nodes during long days. When the days are shortened, vegetative buds are photoperiodically induced to differentiate reproductive buds (Pezzopane et al., 2003) .
Reproductive stages were described by Pezzopane et al. (2003) using a phenological scale of Coffea arabica L. ranging from 0 to 11 as follows: dormant floral bud (0); wet floral bud (1); floral bud (2); flowering (3); post-flowering or petal fall off (4); primordial fruits, starting the growth after fertilization (5); expanding fruits (6); green fruits with endosperms (7); greenish-yellow fruits starting the ripening, without color change (8); fully ripe fruit (9); overripe fruit, starting to decay (10); and the dry fruit (11).
The reproductive stages are characterized by several blooms when a principal one is followed by others in numbers that vary from year to year because of weather conditions, genetic variability and crop management. These responses of the coffee tree contribute to uneven ripening, which also occurs within the same blooming period (Pezzopane et al., 2005) . Non-uniform ripening causes harvest problems that damage seed quality of the lot, resulting in nonuniform germination and low seed vigor.
For commercial coffee seed production, cherries are typically collected at physiological maturity and drying is one of the most important post-harvest steps. Drying can be defined as the process of energy and mass exchange from the tissues to the drying air, so that a determined quantity of water is removed by evaporation. This phenomenon is affected by various factors such as drying temperature, relative humidity and drying air velocity. Controlling these factors is essential to obtain high quality coffee seeds.
Orthodox seeds from angiosperms acquire tolerance to desiccation at the end of ripening, when their water content is reduced and the embryo enters a state of metabolic quiescence and survives in this state for a period that varies with the species (Marcos-Filho, 2005; Rosa et al., 2005) . Desiccation tolerance in seeds seems to be mediated by protective systems that prevent lethal damage to the different cell components, including membranes, proteins and cytoplasm. Several physiological alterations can occur in seeds during desiccation including changes in the relative composition of membrane phospholipids, accumulation of reducing carbohydrates such as sucrose and oligosaccharides, lea (late embryogenesis accumulated) protein synthesis and the ability to prevent, tolerate or repair free radical attacks (Leprince et al., 1993 , Rosa et al., 2000 Berjak, 2006) . Although the function of the lea proteins has not yet been fully investigated, reports have suggested their importance for seeds acquiring tolerance to desiccation because of their stability, affinity with water molecules and abundance in desiccationtolerant organisms (Wolkers et al, 1998) .
Specific seeds of several species become tolerant to desiccation at certain stages of development, after a phase of intolerance. The results from coffee seeds vary by species in Coffea. Ellis et al. (1991) observed that C. arabica seeds obtained from fruits at the intermediate ripeness stage (greenish-yellow) were more tolerant to desiccation than those harvested at the cherry (ripe fruit) or at the green stage (unripe). Guimarães et al. (2002) observed that seeds from cherry and greenish-yellow fruit germinated better than those from green fruit. Thus, it has been reported that coffee seeds acquire maximum germination capacity when the fruits are between the greenish-yellow and cherry stages, and these results suggest that completely mature seeds of species sensitive to desiccation may not possess maximum vigor because the germination process may start at the end of the maturation process.
When the germination is limited by the endosperm, as in Coffea arabica L. seeds, the endosperm needs to be softened in order for the root to protrude. This is accomplished by enzymes, including endo-ß-mannanase, found in the endosperm under different isoforms, and two of these are inhibited by abscisic acid during the endosperm weakening in the region close to the root, reducing root pressure force (Silva et al., 2004) .
The objective of this study was to assess the physiological quality and investigate the electrophoretic patterns of the catalase and endo-ß-mannanase enzymes and the heatresistant proteins of coffee seeds at different phenological stages and dried under different conditions.
Materials and Methods
Coffea arabica L. fruits of the cultivar Rubi were collected in a plantation on the campus of Universidade Federal de Lavras, at the green, greenish-yellow, cherry, overripe and dry stages. Each stage was obtained at different times when the plants had most of the fruit at the same phenological stage. In randomly chosen plants, the fruits were collected from the middle branches and in the middle of the branches. After harvesting, fruits at each phenological stage were collected to standardize the ripeness stage following the phenological scale described by Pezzopane et al. (2003) .
Seeds were dried without removing the fruit structures to avoid mechanical damage and standardize the materials during drying. After rapid sun drying to remove excess surface water, the fruits were submitted to the following drying treatments: 1) slow drying under shade (conventional slow drying method), where the fruits were dried in a single layer using plastic trays under temperature and relative humidity environment conditions until the desired moisture content; 2) controlled fast drying using a forced-air circulation oven (Nova Etica, 420-3D) set for a constant 35 °C, and 3) no drying treatment, whereby seeds were assessed immediately after harvesting. The decrease in water content was followed by weighing during the drying process in both methods to reach about 12% moisture content (Ellis et al., 1991) determined by the chamber method (Brasil, 2009) .
After drying, the fruits were manually hulled and the seeds without parchment were assessed by the standard germination test with four replications of 50 seeds for each treatment. The seeds were sown on germination paper, moistened with water equivalent to two and a half times the weight of the dry substrate and germinated at 30 °C, in the presence of light (750 to 1.250 lux). They were counted and evaluated at 15 and 30 days after sowing (Brasil, 2009 ) and the results were reported in percentage. Fifteen days after sowing, the percentage of protruded roots was assessed. Radicle protrusion was considered as the visual identification of the white embryonic axis and corresponds to the sensu stricto germination. To be considered normal seedlings, they had to present a differentiated main root with at least two secondary roots. Thirty days after sowing, the percentage of normal and strong normal seedlings was counted. A strong normal seedling had developed a root longer than 2.5 cm and had at least two secondary roots. Forty-five days after sowing, seedlings with differentiated cotyledonary leaves were counted and the results were reported in percentage.
Protein expression by electrophoretic analysis: Fifty seeds from each treatment were ground using a Tecnal TE613/1 grinder, refrigerated at 4 °C in the presence of PVP, and stored at -86 °C for later electrophoretic analysis of the heat resistant enzymes, endo-ß-mannanase and catalase. Heat resistant proteins were analyzed using the methodology described by Alfenas (1998) . The following methodologies were used for electrophoretic analysis.
To extract endo-ß-mannanase enzymes, 200 mg of ground seed were weighed and 600 μL extraction buffer (0.1 M Hepes/0.5 M NaCl and ascorbic acid (5 mg ascorbic acid per mL buffer), 8.0 pH) were added. The samples were centrifuged for 30 min at 10,000 g and 2 µL of the supernatant were applied in a polyacrylamide gel containing 6 mL LBG (Locust Bean Gum), 0.24 g agarose and 24 mL buffer, pH 5.0 (1M citric acid/ 0.4 M Na 2 HPO 4 2 H 2 O). Aliquots were applied in 2 mm holes drilled in the gel. This gel was incubated for 21 h following the methodology reported by Silva et al. (2004) . Endo-ß-mannanase enzyme activity was calculated based on Downie et al. (1994) .
To extract the catalase enzyme, 280 µL extraction buffer (0.2M Tris, 8.9 pH) were added to 100 mg seed powder, homogenized in vortex and stored for one hour at 4 °C. The samples were centrifuged at 14,000 rpm and 4 °C for 15 min and 60 µL of the supernatant were applied to the polyacrylamide gels. The tris glycerin gel/electrode buffer system was used and electrophoresis was carried out at 150 V for four h. The gels were developed and the results were photographed using a Sony 12.1 megapixel digital camera with a 38 mm lens.
SDS-PAGE method and extraction procedures recommended by Blackman et al. (1991) were used for heat resistant proteins analyses. Samples of 100 mg of embryonic axes were macerated in 1 mL of extraction buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM MgCl 2 , 1 mM PMSF), and the samples were centrifuged at 16,000 xG for 30 minutes at 4 °C. The supernatant was incubated in a water bath at 85 °C for 15 minutes and centrifuged again as before. The supernatant was transferred to a new tube and the pellet was discarded, before application on gel. 40 mL of sample buffer (2.5 mL glycerol, 0.46 g SDS, 20 mg bromophenol blue, Tris-HCl pH 7.5) were added to 70 mL of each extract, followed by incubation in a water bath with boiling water for five minutes. Then, 50 mL were applied to each sample of polyacrylamide gel (12.5% separating and 6% concentrator gel). Tris-glycine SDS+, 8.9 pH was the running buffer used, and the electrophoretic run was performed in the vertical system at room temperature and constant voltage of 150V for four hours. After running, the gels were stained in 0.05% Coomassie Brilliant Blue solution for 24 hours and discoloured in 5% ethanol and 10% acetic acid and 85% water solution, according to Alfenas (1998) . Evaluation of the gels was performed on a transilluminator, taking band intensity variation into account. A complete randomized design was used, in a 5 x 3 factorial design consisting of five cherry ripeness stages (green, greenish-yellow, cherry, overripe and dry) and three drying methods (drying under controlled environment, conventional drying and no drying) with four replications of the resulting treatments from the combination of the factors to obtain sixty plots. The data were submitted to analysis of variance and the means were compared by the Scott-Knott test at 5% probability.
Results and Discussion
Analysis of variance showed a significant effect of the interaction between the phenological stages and drying treatments for all the variables analyzed, except for percentage of normal seedlings counted on day 15, which indicates that the effects of the drying treatments depended on the phenological stage. Seeds collected at the ripe (cherry) and overripe stages and those not artificially dried had a higher percentage of radicle protrusion than those dried under shade or in a forced-air circulation oven (Table 1) . When dried under shade, the seeds from greenish-yellow and cherry fruit stages had the highest radicle protrusion values, but they did not differ statistically among themselves. Controlled drying was the drying method that had the lowest results for all stages while the cherry stage had the highest protrusion percentage.
It was further observed that drying green stage fruits did not influence the physiological quality of the seeds as measured by root protrusion.
The percentage of normal seedlings at 30 days (Table 2 ) was higher in seeds collected at the cherry stage and the lowest results were observed in seeds harvested at the green and overripe stages. The drying process affected germination in seeds from all phenological development stages. Guimarães et al. (2002) also observed higher germination percentages in seeds prior to drying at all stages studied. seeds as they lose water more slowly. Drying under shade and drying in an oven reduced physiological quality in all the phenological stages, except for the greenish-yellow fruits, where drying under shade produced better percentage of normal seedlings than the treatment without drying (Table 3) . Rosa et al. (2007 Rosa et al. ( , 2011 ) also showed that coffee seeds from greenish-yellow fruits had similar physiological performance to seeds collected at the cherry stage. Higher values were observed in the strong normal seedling percentage results at 30 days (Table 3) in seeds collected at the cherry stage without drying. After drying under shade, however, the physiological quality of the seeds collected at the cherry stage was the same as seeds from greenish-yellow fruits, which were favored by the slow drying process. These improved results for seeds from greenish-yellow fruits after drying under shade were also observed in the root protrusion results, which suggested enhanced physiological quality of (1) Means followed by the same uppercase letter in the column and lowercase letter on the line do not differ significantly at the level of 5% by the Scott Knott test.
Analysis of the percentage results of normal strong seedlings (Table 3) showed similar trends to that of the normal seedling percentage for both the phenological stages and the drying treatments. Only the greenish-yellow stage dried under shade improved seed quality, unlike the other stages, where both drying under shade and drying in an oven reduced seed quality. This may be attributed to continued ripening of the greenish-yellow fruits after harvest, main when they were slower dryed. Pereira et al. (2005) reported ethylene production during coffee fruit ripening, and expression of genes of the ACC oxidase enzyme (acid 1-carboxylic-1-aminocyclopropane) during ripening in different organs of the plant as well as increased ethylene production in greenish-yellow fruits after endosperm formation that decreased at the cherry stage, indicating a climacteric phase during coffee fruit ripening.
Analysis of the effects of drying on seed vigor assessed by the percentage of expanded cotyledon leaves at 45 days (Table 4) showed that the coffee seedlings achieved the highest percentage of cotyledon leaves at the cherry stage after drying under shade, and drying in an oven resulted in greater reductions in seed quality. These results emphasize the importance of further studies to improve the drying process for coffee seeds, which is essential to obtain vigorous seedlings. statistically signifi cant. Drying did not affect enzyme activity in seeds collected at the green, greenish-yellow and cherry stages. Greater activity was observed in the endo-ß-mannanase enzyme in seeds collected at the dry stage and submitted to drying under shade. Coffee seed germination is limited by the endosperm that has to be softened in the micropilar or endosperm cap region so that the root can emerge. This softening process is performed by several enzymes, mainly endo-ß-mannanase, present in the endosperm of coffee seeds where their activities start in the region close to the root during germination. Marraccini et al. (2001) , using the Northernblot technique, identifi ed that the gene that codifi es endo-ß-mannanase is expressed during seed germination. In several studies, slower drying of coffee seeds obtained during drying under shade has resulted in superior physiological quality and, therefore, it is commonly recommended for seed production (Brandão Junior et al., 2002; Veiga et al., 2007; Vieira et al., 2007) .
Seeds from the green and dry phenological stages had the lowest physiological responses, before and after drying. Most of the seeds from green fruits completed the fi rst phase of the tri-phasic germination pattern, that is, imbibition. However, these seeds did not initiate root protrusion and remained wet, intact and without any signs of deterioration until the end of the germination test. This fi nding may be attributed to the fact that the seeds were unripe and had not reached physiological maturity. These seeds were not dead.
For a better understanding of the results, the electrophoretic profi les of the heat resistant proteins catalase and endo-ß-mannanase were determined. Figure 1 shows the expression of heat resistant proteins with absence of band and also lower band intensity in the treatments without drying and at the initial fruit development, green and greenish-yellow stages. The expression of heat resistant proteins is considered an important factor associated with protection mechanisms against damage caused by water removal from plant tissues. These proteins are accumulated during the later stages, either before or during drying (Taiz and Zeiger, 2004) and they are present in seeds and organisms tolerant to desiccation. This explains the lower band intensity, the absence at the earlier ripeness stages, the greater band intensity at the more advanced ripeness stages or after drying seeds from unripe fruits.
No signifi cant differences were observed in the endo-ß-mannanase enzyme activity (Table 5) at the different phenological stages, but seeds harvested at the overripe stage tended to have greater activity although this was not Although the activity of this enzyme is related to coffee seed germination, it is also associated with deterioration. Since endo-ß-mannanase acts on the cell wall, its activity is intense during the deterioration process. This can be clearly observed in the results in the present study for seeds collected at the dry stage and submitted to drying. These seeds showed higher percentage of radical protrusion, but fewer normal seedlings. Figure 2 shows the electrophoretic profi le of the catalase enzymes, where less enzymatic activity can be observed in seeds not submitted to drying and in coffee seeds collected at the green stage. Recent studies have reported that loss of seed viability during drying is accompanied by increases in oxygen reactive species (EROS) because of physiological stress. However, there are mechanisms in plants and seeds to prevent EROS formation, including enzymes such as catalase (Fagagna, 2008; Takahashi et al., 2007) , which removes hydrogen peroxide, an extremely toxic compound to seeds. physiological quality. Catalase enzyme was not observed in seeds collected at the early green stage, but this enzyme was expressed as the ripeness stages advanced. The drying process, whether conventional or controlled, resulted in increased catalase expression, showing an increase of this enzyme activity when the seeds were stressed.
Conclusions
Coffea arabica L. seeds, cv Rubi, harvested at the cherry phenological stage, have the highest physiological quality.
The drying process reduces coffee seed physiological quality when harvested at the cherry, overripe and dry maturation stages, and this reduction is greater in the faster drying process.
Greenish-yellow stage coffee seeds have enhanced physiological performance after slow drying.
Endo-ß-mannanase and catalase enzyme activities increase as the ripeness stages advance. The activity of endo-ß-mannanase enzyme is directly associated with coffee seed deterioration process.
The expression of heat resistant proteins increases with maturation process and it is associated with coffee seed
